The marker of neuronal activation, c-Fos, can be used to visualize spatial patterns of neural activity in response to taste stimulation. Because animals will not voluntarily consume aversive tastes, these stimuli are infused directly into the oral cavity via intraoral cannulae, whereas appetitive stimuli are given in drinking bottles. Differences in these 2 methods make comparison of taste-evoked brain activity between results that utilize these methods problematic. Surprisingly, the intraoral cannulae experimental conditions that produce a similar pattern of c-Fos activity in response to taste stimulation remain unexplored. Stimulation pattern (e.g., constant/intermittent) and hydration state (e.g., water-restricted/hydrated) are the 2 primary differences between delivering tastes via bottles versus intraoral cannulae. Thus, we quantified monosodium glutamate (MSG)-evoked brain activity, as measured by c-Fos, in the nucleus of the solitary tract (nTS; primary taste nucleus) across several conditions. The number and pattern of c-Fos neurons in the nTS of animals that were water-restricted and received a constant infusion of MSG via intraoral cannula most closely mimicked animals that consumed MSG from a bottle. Therefore, in order to compare c-Fos activity between cannulae-stimulated and bottle-stimulated animals, cannulated animals should be water restricted prior to stimulation, and receive taste stimuli at a constant flow.
Introduction
The immediate early gene, c-Fos, is often used as an anatomical marker of neuronal activation, which enables measurement of differences in the spatial distribution of neuronal activity between different taste qualities (Harrer and Travers 1996; King et al. 1999; Travers 2002; Chan et al. 2004; Stratford and Finger 2011) . In common experimental practice, water-restricted animals consume a taste stimulus from a drinking bottle in a short period (e.g., 30 min; Wilkins and Bernstein 2006; Boughter et al. 2007; Chen et al. 2011; Stratford and Finger 2011; Stratford and Thompson 2014) . However, because animals will not voluntarily consume aversive tastes, unpalatable stimuli must be directly infused into the oral cavity via intraoral cannulae. Thus, differences in methodology between these 2 approaches (i.e., bottle vs. intraoral cannulae stimulation), may complicate comparison between results that utilize these 2 methods.
In particular, there are 2 primary differences when taste stimuli are given in drinking bottles versus intraoral cannulae. First, animals consume fluids from drinking bottles intermittently in brief "bouts" (Stellar and Hill 1952; Gannon et al. 1992; Boughter et al. 2007; Johnson et al. 2010; Barkley-Levenson and Crabbe 2012) ; whereas, taste stimuli are usually infused at a constant flow rate through intraoral cannulas (Harrer and Travers 1996; Houpt et al. 1996; King et al. 1999 King et al. , 2000 King et al. , 2003 King et al. , 2014 King et al. , 2015 Travers 2002; Chan et al. 2004; Jarrett et al. 2007; Biondolillo et al. 2009; Wilmouth and Spear 2009; Haino et al. 2010; Nagy et al. 2012; Zhao et al. 2012; Riley and King 2013; Tokita et al. 2014) . Second, in order to encourage animals to consume fluids, animals are placed on water-restriction (e.g., 1 h of water/24 h for 2-3 days prior to experiment), but animals are rarely water deprived prior to receiving taste stimuli via intraoral cannulae. Thus, the pattern used to deliver taste stimuli (e.g., constant stimulation vs. intermittent, "bout" stimulation) or the hydration state of the animal (e.g., water-restricted vs. water-replete) may influence experimental measurements, independent of taste stimulation.
In this regard, auditory stimulation patterns are known to influence c-Fos activity in the cerebellum, with faster stimulation patterns (i.e., 40 Hz) producing more c-Fos positive cells than slower stimulation patterns (i.e., 10 Hz; Tian and Bishop 2002) . Moreover, dehydration and rehydration are also known to influence c-Fos activity specifically within in the nucleus of the solitary tract (nTS), the primary taste/viscerosensory nucleus (Ji et al. 2007; Gottlieb et al. 2011 ). In particular, both prolonged (e.g., >45 h) water deprivation as well as brief rehydration (e.g., <2 h) significantly increase the number of c-Fos as compared with control animals. Together, these results suggest that both the stimulation pattern as well as the physiological state of the animal (i.e., dehydrated vs. rehydration) can produce increased c-Fos activity independent of stimulus.
In light of this information, it is logical to expect that cannulated animals should be water-restricted prior to taste stimulation for c-Fos immunohistochemistry, with taste stimuli infused into intraoral cannulas in an intermittent-"bout"-pattern in order to mimic the animal's natural pattern of ingestion. Yet, to-date, no study has systematically compared taste-evoked c-Fos activity in the gustatory and viscerosensory processing areas of the brain across various physiological and stimulation parameters. Therefore, the current study measured c-Fos activity in the nTS across several different parameters to determine which experimental conditions produce c-Fos activity that mirrors that observed when animals consume taste stimuli from drinking bottles. First, we compared c-Fos activity in groups that were water-restricted or water-replete to c-Fos activity in animals that consumed a taste stimulus from a drinking bottle. Second, we compared c-Fos activity in groups that received taste stimuli via intra oral cannulae at a constant flow rate or at an intermittent rate to c-Fos activity in animals that consumed a taste stimulus from a drinking bottle. Third, because the amount of fluid intermittently infused into intraoral cannulae is half the amount infused at a constant rate during the same infusion time, we also compared c-Fos activity between an intermittently stimulated group and a group that was intermittently stimulated for twice as long (i.e., "volume-matched" to our other experimental groups). Finally, we also measured c-Fos activity in water-restricted, cannulated mice that received no taste stimulation to serve as a control for both cannulation surgery as well as water restriction.
Materials and methods

Animals
Adult c57BL/6 female mice (n = 34; age 5-10 months) purchased from The Jackson Laboratory were used in this study. The animals were housed in a vivarium with a 12 h light/dark cycle with lights on at 0500. Food (Teklad Global Rodent Diet # 2918) was available ad libitum throughout the course of the experiment. Water was also available ad libitum as well, except as noted.
All animal procedures were performed in accordance with NIH guidelines and were approved by the Institutional Animal Care and Use Committee at the University of Colorado Denver School of Medicine.
Cannula surgery
Bilateral intraoral cannulae were implanted into all experimental animals. Mice were anesthetized with an intramuscular (IM) injection of a combination of medetomidine hydrochloride (Domitor; 0.4 mg/kg; Pfizer) and ketamine hydrocholoride (40 mg/kg; Bioniche Pharma). Once sedated, the surgical site was shaved and prepped with iodine (7.5%; Professional Disposables International) and isopropyl alcohol (70%; Tyco Healthcare). Animals were then placed on a heating pad, and the topical analgesic, bupivacaine (Marcaine; 0.5%; Hospira), was applied to the surgical site.
Intraoral cannulae were inserted using a procedure modified from Grill and Norgren (1978) (in rats) and Kiefer et al. (1998) (in mice). Briefly, a midline incision was made on the dorsal surface of the animal, immediately caudal to the pinnae. Then a sterile, 1.5 inch, stainless steel hypodermic needle (19 gauge; Hamilton) was inserted in the back of the neck and guided subcutaneously ventral to the auricle and eye, and then to the oral cavity. The needle was then inserted in the oral cavity lateral to the first maxillary molar.
Polyethylene tubing (22 gauge; Becton Dickinson and Company) was flared using a cautery iron, and then fed though a small washer and then through the tip of the needle. The washer, a #0 small nylon flat washer (Product Components Corporation), served to secure the tubing in the oral cavity. The needle was then withdrawn, the wound closed with Dexon II 6.0 mm suture (Syneture), and a second nylon washer secured the loose end of the tubing firmly in place against the skin on the back of the neck. The remaining tubing was flared by heating the exposed tubing with a cautery iron (Fine Science Tools). Finally, a blunt 1″ hypodermic needle (25 gauge; McKesson) was secured to the loose end of the tubing and served as a metal fistula.
Following implantation of intraoral cannulae, animals were injected IM with atipamezole (Antisedan; 2 mg/kg; Pfizer) to reverse the sedative effects of Domitor. To minimize postoperative pain, animals were injected subcutaneously with carprofen (Rimadyl; 5 mg/kg; Pfizer) immediately before surgery and for 48 h after surgery. Animals were allowed to recover for 5 days prior to training (see Taste stimuli through intraoral cannula).
Taste stimuli in drinking bottles
We first quantified c-Fos activation in the nTS of animals that were allowed to freely ingest taste stimuli from a drinking bottle. Three days prior to taste stimulation, mice (Bottle, n = 6) were placed on 23 h/day water restriction. During this time, animals were given 1 h access to water in a single drinking bottle at the same time each day to train animals to consume fluids in a relatively short period. On stimulation day, animals were given 150 mM monosodium glutamate (MSG) in a single drinking bottle in their home cage. At the end of 30 min, fluid intake was recorded and animals were left undisturbed for 45 min prior to perfusion (see c-Fos immunohistochemistry).
All cannulated, water-restricted animals consumed ~3 mL (in mL per day ± SD: 3.1 ± 0.4) of MSG from their drinking bottles. Thus, to ensure that all experimental animals received an equal volume of MSG taste stimulation regardless of experimental condition (i.e., via bottle or infusion through intraoral cannula), 3 mL of fluid was infused, via intraoral cannula, into the oral cavity of mice in all other experimental groups except where noted (see Taste stimuli through intraoral cannula for details).
Taste stimuli through intraoral cannula
Syringe pump and prestimulation training Fluids were delivered into intraoral cannulae via a 5 cc syringe fitted with a blunted 25 gauge needle (Becton Dickinson and Company) connected to a syringe pump (Model R99-E, Razel Scientific Instruments). To acclimate mice to stimulation procedures, all animals were placed on 23 h/day water restriction schedule 3 days prior to stimulation, except where noted (see Stimulation groups for details). Then, each day during training, all groups received 3 mL of dH 2 O infused over the course of 30 min into 1 of 2 intraoral cannulae at a flow rate of 0.101 mL/min. Although this flow rate is slightly slower than the ingestion rate of fluids in mice (e.g., 0.3-0.5 mL/ min; Murakami 1977; Boughter et al. 2007) , it is similar to that used by other researchers to deliver tastants for c-Fos stimulation (e.g., 0.1 mL/min; ).
Stimulation groups
We measured c-Fos activity in the nTS of animals in 4 different experimental groups to thoroughly characterize how different stimulation conditions affect c-Fos activity in the nTS. First, in order to determine whether the hydration state of the animal affected c-Fos activity, the number of c-Fos positive cells in the nTS was compared between nonrestricted animals (Nondeprived Constant, n = 5) and animals that were deprived of water for 23 hrs (Deprived Constant, n = 6). To do this, Nondeprived Constant mice were given full access to water after 2 water training days (see Syringe pump and prestimulation training); whereas the Deprived group was maintained on 23 h water restriction throughout training and stimulation. On stimulation day, 3 mL of MSG was infused into a single intraoral cannula of mice in both groups at a constant flow rate (0.101 mL/min) over the course of 30 min. Given that Nondeprived Constant animals may not be motivated to consume the entire 3 mL of MSG, unlike the Deprived Constant animals, MSG consumption was closely monitored in both groups throughout the entire 30 min stimulation by an in-room observer. All animals robustly consumed fluids throughout the stimulus presentation, which may be attributed, especially in the Nondeprived Constant group, both to the palatability of MSG as well as the novelty of the stimulus.
Second, to determine whether the pattern of stimulation influences c-Fos activity, we also quantified c-Fos activity in the nTS of animals that were stimulated with MSG using an intermittent stimulation pattern that approximates the average "bout" length for fluid consumption by mice (e.g., ~1 min; Gannon et al. 1992; Boughter et al. 2007 ; Deprived Intermit, n = 5). During training and stimulation, Deprived Intermit mice were maintained on 23 h water restriction. On stimulation day, 1.5 mL of MSG was infused into a single cannula of each mouse with a 1 min on and 1 min off stimulation protocol (0.101 mL/min). However, to control for the amount of fluid infused into the oral cavity, an additional group of animals received the same intermittent taste stimulation with a duration that was twice as long (2 min on, 1 off; 3 mL total; Deprived Intermit 2X, n = 5). As observed with the Deprived Constant and Nondeprived Constant groups, all animals robustly drank MSG during the intermittent times it was available.
Finally, to determine whether bilateral cannula surgery alone affects c-Fos activity, 7 additional animals (Deprived Unstim) were implanted with bilateral cannulas and underwent water 23-h restriction, but were left undisturbed on stimulation day.
c-Fos immunohistochemistry
Forty-five minutes following taste stimulation, animals were deeply anesthetized with Fatal-Plus (50 mg/kg intraperitoneally; MWI) and perfused transcardially first with 0.9% saline and then with 4% paraformaldehyde in 0.1 M phosphate buffer. Following perfusion, the brain was removed and post-fixed in 4% paraformaldehyde for 3 h. Then tissue was placed in 20% sucrose overnight at 4 °C. The olfactory bulbs (control) and brainstem were isolated, embedded in optimal cutting temperature (OCT) compound (Fisher Scientific) and frozen rapidly on dry ice. Coronal sections (40 µM) were cut on a cryostat and divided into a series of 3 adjacent sets. Sections were either reacted immediately or placed in cryoprotectant and stored at −20 °C for later processing (Watson et al. 1986 ). Sections stored in cryoprotectant were thoroughly rinsed in 0.1 M phosphate-buffered saline (PBS) before staining.
All steps were conducted at room temperature unless otherwise indicated. Sections were first washed 3 times in 0.1 M PBS. Sections were then blocked in 2% normal donkey serum (NDS, Jackson ImmunoResearch) for 1 h and then incubated in rabbit anti-Fos (1:3000), diluted in antibody media (AB media; 0.3% triton, 0.15 M sodium chloride, and 1% bovine serum albumin; for details about anti-sera see c-Fos antisera) at 4 °C for 48 h.
Following primary antibody incubation and 3 washes in 0.1 M PBS, the anti-Fos antibody was detected with a Rhodamine Red-X FAB fragment donkey anti-rabbit antibody (Jackson ImmunoResearch Laboratories catalog # 711-297-003; Lot # 103577; diluted 1:800), incubated with tissue for 2 h. Sections were washed with PBS between each reaction. Following an additional 3 washes in PBS, sections were mounted onto Fisher Superfrost Plus slides and cover slipped with Fluormount G (Southern Biotechnology).
c-Fos antisera
Sections were processed for c-Fos-like immunoreactivity (Fos-LI) using a rabbit polyclonal anti-c-Fos antibody from Milipore (formerly sold by Calbiochem and Oncogene). The c-Fos antibody (Ab-5, catalog # PC38; lot #s D00134698, D00148958; diluted 1: 3000) was prepared against a peptide mapping at residues 4-17 of the human c-Fos protein. This antiserum stains a single band at ~50-55 kDa as observed by western blot analysis of fibroblast-like BHK 21 C13 cells (Archer et al. 1999) . Moreover, omission of rabbit anti-c-Fos antibody resulted in no labeled cells (data not shown).
Microscopic analysis
Whole slide images were photographed using the imaging software, Surveyor by Objective Imaging, which controls both the microscope stage as well as enables image acquisition, with a black and white Leica DFC 365FX camera on a Leica DM6000B microscope. For each slide, using the multiscan option in the imaging software, a series of 10× images, aligned in a grid, were obtained for each fluorophore. Within each grid, each channel (Texas Red, Cy-5) was obtained sequentially and merged together to prevent side-band excitation of the different fluorophores. Images were then stitched together in real time using the Best Focus algorithm in the Surveyor software, which yielded a mosaic image of the whole microscope slide. Images of individual fluorescent, RBG brain sections were then obtained using the Region of Interest tool in the Surveyor Viewer Software.
c-Fos cell counting and representative levels of the nTS
To characterize thoroughly c-Fos activity across all experimental conditions, the number of c-Fos positive cells was quantified in 9 Figure 1 ). The boundaries of the nTS were outlined based on cell size and cell density using a Nissl counterstain (NeuroTrace 640/680 1:100; lot # 927003, Invitrogen), which was included in the antibody media during secondary antibody incubation.
To quantify the number of c-Fos positive cells, the red (c-Fos) color channel in each image was first thresholded based on a stringent 6, 2016.) . This resulted in individual, thresholded binary black and white images of c-Fos staining > 2 SDs of background staining for each animal. Then, the number of c-Fos positive cells was quantified using the cell counter plugin in ImageJ (version 1.47). Substantial Fos-LI was observed in the olfactory bulb of all experimental, as c-Fos expression is robust in the olfactory bulb in all animals, and served as a positive control for our primary antibody (Guthrie et al. 1993) .
Finally, adopting methodology used previously to visualize patterns of cell activation in the nTS (Stratford and Finger 2011), we generated "heat-maps," similar to fMRI activity maps showing the relative level of activation (number of c-Fos positive cells) for each subfield of the nTS.
Statistics
Data are presented as group means ± SD. Data were analyzed using appropriate 1-or 2-way ANOVAs (Statistica; StatSoft). Tukey's honest significant difference tests were used to assess statistically significant (P < 0.05) main effects or interactions.
Results
Total number of c-Fos positive cells
As shown in Figures 2 and 3 , different experimental conditions produced a diverse number and pattern of c-Fos positive cells in the nTS. Overall, the total amount of Fos-LI in the nTS (e.g., sum of c-Fos positive cells across all 9 nTS levels) varied in a graded fashion between experimental groups [ Figure 3 ; 1-way (group) ANOVA, F(1, 28) = 18.2, P < 0.001]. As expected, Fos-LI in the nTS of Deprived Unstim animals was significantly less than compared with all other groups (all post hoc comparison Ps < 0.05). Moreover, total Fos-LI was not different between the Nondeprived Constant, Deprived Intermit, and Deprived Intermit 2X groups (Ps = 0.99, 0.86, 0.72, respectively), although the number of c-Fos positive cells was more variable in both the Deprived Intermit and Deprived Intermit 2X groups than the Nondeprived Constant group (Deprived Intermit SD: 85.2; Deprived Intermit 2X SD: 44.14; Nondeprived Constant SD: 14.6). Moreover, Fos-LI in the Nondeprived Constant, Deprived Intermit, and Deprived Intermit 2X groups was significantly less than that observed in either the Bottle and Deprived groups (all post hoc comparison Ps < 0.05). Finally, Fos-LI was similar between the Bottle and Deprived groups (P = 0.99).
Pattern of Fos-LI across nTS levels
Overall, total Fos-LI in the nTS of the Deprived Constant group was similar to that found in bottle-stimulated animals (Bottle), and Fos-LI in both groups was greater than the total Fos-LI in the Nondeprived Constant group (Figure 3) . However, this measurement does not provide detailed analysis of Fos-LI at each of the 9 nTS levels (i.e., r1, r2, … etc.), which is particularly important for comparison of Fos-LI in our constantly stimulated groups (i.e., Deprived Constant and Nondeprived Constant). Therefore, we also quantified Fos-LI within each nTS level (i.e., r1, r2, … etc.) in the constantly stimulated groups and the bottle stimulated groups. Moreover, the total number of Fos-LI does not provide the resolution to determine whether constant MSG intraoral cannula stimulation (e.g., Deprived Constant group) produced a similar pattern of c-Fos expression to that observed when animals consume MSG via a drinking bottle (Bottle group). Thus, we measured Fos-LI within each nTS subfield (dorsal-medial, ventralmedial, etc.) in the Deprived Constant and Bottle experimental groups.
Fos-LI in the Deprived Constant group was greater than the Fos-LI in the Nondeprived Constant group [F(1, 9) = 28.15, P < 0.001], suggesting that water restriction increases MSG-evoked Fos-LI throughout the nTS. Moreover, across the 9 nTS levels, the number of c-Fos positive cells was comparable between Deprived Constant and Bottle groups [ Figure 4 ; F(8, 80) = 0.38, P = 0.93]. Furthermore, the topography of Fos-LI within each nTS subfield (dorsal-ventral, medial-lateral) of Deprived Constant mice resembled that found in the nTS of Bottle animals [ Figure 5 ; F(8, 40) = 1.34, P = 0.40]. Together, these results suggest that constant infusion of MSG into intraoral cannulae of water-restricted mice results in not only a similar total number of c-Fos positive cells as does bottle stimulation (Figure 3) , but also evokes a comparable pattern of Fos-LI across the entire nTS (Figures 4 and 5) .
Discussion
c-Fos is commonly used to visualize spatial patterns of neuronal activity in response to taste stimulation. However, because animals naturally avoid consuming unpalatable tastes, intraoral cannulae are used to deliver aversive taste stimuli to experimental animals; whereas, appetitive stimuli are commonly given to animals in drinking bottles. Beyond the obvious volitional differences between the 2 paradigms (i.e., voluntary vs. involuntary), there are 2 critical disparities between taste exposure from a drinking bottle versus taste consumption from intraoral cannulae that relate to the physiology and ethology of rodent drinking behavior. First, mice and rats naturally drink fluids from bottles in brief, intermittent "bouts," but taste stimuli are often infused into intraoral cannulae at a constant, sustained rate. Second, in order to encourage experimental animals to drink from bottles, water access is restricted (e.g., 23 h/day). Therefore, methodological differences between these 2 methods may prevent direct comparison between studies.
In this regard, the only research to ever compare c-Fos activity between bottle stimulation and intraoral cannula stimulation did so in the context of conditioned taste aversions. These 2 previous studies compared the strength of a conditioned taste aversion, and associated c-Fos activation, when a conditioning stimulus was given in a drinking bottle versus via intraoral cannula (Spray et al. 2000; Wilkins and Bernstein 2006) . Both studies reported that the strength of a conditioned taste aversion was not affected by stimulus delivery method, but the 2 studies found opposing results regarding conditioned stimulus-induced c-Fos activity. Spray et al. (2000) reported an increase, whereas Wilkins and Bernstein (2006) showed a decrease, in c-Fos activity in the nTS when a stimulus was infused via intraoral cannula versus consumed from a bottle. Although the cause of this disparity remains unknown, both results suggest that the method in which tastants are given to an animal may influence c-Fos activity independent from the taste stimulation itself. However, whether taste-induced c-Fos activity is affected by fluid delivery method remains unexplored.
To address this issue, the current study compared (Fos-LI) in the nTS across various intraoral cannulae fluid delivery methods (constant vs. intermittent, "bout") and physiological states (waterrestricted vs. water-replete) to Fos-LI observed when animals drink stimuli from a bottle. 
Fos-LI and stimulation pattern
Fos-LI varied significantly between stimulation patterns. In waterrestricted groups (i.e., "Deprived Constant," "Deprived Intermit," "Deprived Intermit 2X", and "Bottle"), the total number of c-Fos positive cells was significantly less in the nTS of mice that were stimulated intermittently (Deprived Intermit and Deprived Intermit 2X) as compared with those that received constant taste stimulation (Deprived Constant) or consumed MSG from a drinking bottle (Bottle; Figure 3 ). In fact, the total number of c-Fos positive cells in the nTS of the Deprived Constant group most closely matched that measured in bottle-stimulated animals (Bottle; Figure 3) . Even more importantly, the Deprived Constant group also produced a similar amount (Figure 4 ) and spatial pattern ( Figure 5 ) of Fos-LI to that of the Bottle group throughout the entire rostral-intermediate nTS, suggesting that this effect is not limited to one level or subfield of the nTS, and further strengthens our conclusions.
Our results are somewhat unexpected as an intermittent, "bout"-like pattern of stimulation may simulate the temporal conditions experienced when an animal drinks fluids from a bottle. However, intermittent taste stimulation may not evoke the same Fos-LI as bottle stimulation does for several reasons. One concern with an intermittent stimulation protocol is that animals consume half the amount of fluid as compared with constant taste stimulation. To address this idea, we infused MSG for twice as long (i.e., volume matched Figure 2 . Fos-LI varies significantly across experimental conditions. Photomicrographs (A, B) and chartings (C) of Fos-LI cells in the nTS in response to no stimulation (Deprived Unstim; top), MSG stimulation with a drinking bottle (Bottle; 2nd row), constant MSG infusion via intraoral cannula to a water-restricted animal (Deprived Constant; 3rd row), constant MSG infusion via intraoral cannula to an animal that received no water restriction (Non-Deprived Constant; 4th row), intermittent MSG infusion via intraoral cannula to a water-restricted animal MSG (Deprived Intermit; 5th row), or intermittent MSG infusion via intraoral cannula to a water-restricted animal MSG that was twice as long (e.g., "fluid matched"; Deprived Intermit 2X; bottom). to other experimental groups) in a second group of intermittently stimulated animals (Deprived Intermit 2X). We found that the total volume of fluid instilled into the oral cavity does not affect Fos-LI as the total number of c-Fos positive cells was similar between animals that received the same intermittent taste stimulation with a duration that was twice as long (2 min on, 1 off; 3 mL total) and our Deprived Intermit (1 min on, 1 off; 1.5 mL total) group (see Materials and methods). This suggests that the amount of fluid consumed does not significantly impact Fos-LI (although we did observe a reduction in variability between the Deprived Intermit 2X and Deprived Intermit groups; Figures 2 and 3) .
Second, electromyography recordings of the digastric muscle in the jaw and behavioral observations find that animals lick and swallow naturally during intraoral infusions-even when fluids are infused at a constant rate (Kaplan and Grill 1989; Kaplan et al. 1995) . Thus, the intermittent stimulation pattern we used may interfere with an animal's ability to naturally lick and swallow fluids (although intermittently stimulated animals were able to consume all infused fluids during the stimulation session; see Materials and methods). Moreover, although animals naturally consume fluids in "bouts," these short bursts of drinking are sporadic; whereas taste stimuli were infused at regular, tonic intervals (i.e., 1 min on; 1 min off) in this study.
Finally, c-Fos activity is dependent upon the novelty of a stimulus, as Fos-LI decreases with repeated exposure to the same stimulus (Montag-Sallaz et al. 1999; Amin et al. 2006; Lin et al. 2012 ). Yet, it is unlikely that decreased novelty can account for the decreased Fos-LI observed in both intermittent groups (Deprived Intermit Water restriction increases Fos-LI in the nTS and Fos-LI is similar between bottle and water-restricted, constantly stimulated animals across all nTS levels. Nonwater restricted, constantly stimulated animals (light grey) had significantly less Fos-LI than water restricted, constantly stimulated animals (dark grey; P < 0.001). Moreover, Fos-LI was similar between Bottle (black) and Deprived Constant (dark grey) groups across all nTS levels (P = 0.93).
at University of Colorado on March 7, 2016 http://chemse.oxfordjournals.org/ Downloaded from and Deprived Intermit 2X) as the kinetics of c-Fos activity are much longer than our stimulation protocol (i.e., hours vs. minutes). Furthermore, the effects of novelty on c-Fos activity occur after hours of prolonged stimulation (i.e., 4.5 h to days); whereas our total stimulation protocol lasts between 30 and 45 min. In this regard, one concern is that, in order to infuse the same amount of fluid as other experimental groups, animals in our Deprived Intermit 2X group are stimulated 15 min longer than other groups (i.e., 45 min vs. 30 min; 1 h 45 min vs. 1 h 30 min stimulation/perfusion). Yet, this longer stimulation/perfusion timeframe is still well within the 1-2 h poststimulation window for peak c-Fos protein activity (Zangenehpour and Chaudhuri 2002) , providing further evidence to suggest that an intermittent stimulation procedure may not evoke a similar pattern and number of c-Fos positive cells as does bottle stimulation.
Fos-LI and hydration state
Animals are often water-restricted in order to measure behavioral taste responses. Although numerous studies report that food restriction enhances the acquisition of various conditioned behaviors, including conditioned taste aversions and conditioned flavor preferences, few studies have explored whether dehydration (i.e., water-restriction) affects taste preferences (Cohen and Hachey 1980; Drucker et al. 1994; Eckel and Ossenkopp 1995; Grill et al. 1996; Grigson et al. 1999; Berridge 2000) . In addition, whether gustatoryinduced brain activity changes during water restriction is unknown.
We found that overnight (23 h) water restriction increased tasteevoked Fos-LI in the rostral and intermediate nTS (Figures 3 and 4) .
Although our results are in line with previous research that report increased Fos-LI in the nTS following prolonged water restriction alone (Ji et al. 2007; Gottlieb et al. 2011) , our study has 3 primary advantages over these other studies. First, our study is the first to compare brain activation in response to taste stimulation, as measured by Fos-LI, between water-restricted and water-replete animals. Second, Ji et al. (2007) only quantified Fos-LI in extremely caudal, enteric nTS, which does not receive primary gustatory information. Third, the length of water restriction animals underwent in our study is much shorter than the duration used in these previous studies (i.e., 23 h vs. 48 h). Thus, water restriction may increase overall brainstem activity, in addition to increasing taste-specific brain responses.
Applications and conclusions
Despite good concordance between our Deprived Constant and Bottle groups, several additional parameters were beyond the scope of the present study. First, we focused on Fos-LI evoked by only one appetitive taste stimulus, which is important for our past and current studies (e.g., MSG; Stratford and Finger 2011) . Although it would be informative to compare Fos-LI evoked by an aversive stimulus (e.g., Denatonium), it is challenging to prompt animals to consume aversive tastes in a short period from a drinking bottle without prolonged water restriction (St John and Spector 1998). Thus, whether our stimulation parameters apply to other taste stimuli is unknown, though no evidence suggests that individual taste qualities require different stimulation parameters. at University of Colorado on March 7, 2016 http://chemse.oxfordjournals.org/ Downloaded from Second, because our goal was to determine which intraoral experimental conditions produced Fos-LI similar to that observed when animals consumed fluids from a drinking bottle, we quantified all Fos-LI in awake, freely behaving animals. Yet, some previous studies measured Fos-LI in urethane-anesthetized animals, and report a much larger overall number of c-Fos positive cells in response to taste stimulation (i.e., >4000 vs. ~800; Kwak et al. 2011 Kwak et al. , 2015 . Therefore, our optimal experimental parameters may not be appropriate for anesthetized preparations.
Third, we utilized fluorescent immunocytochemistry to visualize and quantify Fos-LI, but c-Fos activity is also commonly visualized using an avidin-biotin DAB reaction (Harrer and Travers 1996; Houpt et al. 1996; King et al. 1999 King et al. , 2000 King et al. , 2003 King et al. , 2014 King et al. , 2015 Spray et al. 2000; Travers 2002; Chan et al. 2004; Amin et al. 2006; Wilkins and Bernstein 2006; Ji et al. 2007; Haino et al. 2010; Chen et al. 2011; Kwak et al. 2011 Kwak et al. , 2015 . To address this idea, we compared MSG-evoked Fos-LI in the nTS visualized with either fluorescent immunocytochemistry or by an avidin-biotin DAB reaction between animals stimulated via bottle and undeprived animals stimulated via intraoral cannula (with the same 3 mL volume of MSG infused as in the current study). Our preliminary results found that, although the total number of c-Fos positive cells was less when quantified using fluorescent immunocytochemistry versus DAB (fluorescent ~600-400 vs. DAB ~1400-800), the overall pattern of Fos-LI was similar between the 2 techniques (i.e., bottle stimulation > nondeprived cannula stimulation; unpublished observation). It is interesting to note that the lower number of fluorescent c-Fos positive cells may reflect an overall decreased sensitivity of this technique, which may have a smaller "working range" for quantification as compared with the avidin DAB procedure.
Together, our results suggest that both physiological state and fluid delivery pattern produce changes in taste-evoked brain activity. Moreover, in order to produce a similar number and spatial pattern of Fos-LI, in the nTS, as that produced when animals drink taste stimuli from bottles, cannulated animals should be water restricted overnight (23 h) prior to stimulation, and receive taste stimuli at a constant flow rate. 
